Powder forging (P/F), which combines powder metallurgy (P/M) and forging technologies, leads to refined poreless microstructure in the material. Therefore, the mechanical property of the P/F material can be greatly improved comparing with that of the sintered material. In this paper, the rolling contact fatigue tests were conducted using a two-cylinder testing machine, and the surface failure and durability of the case-hardened P/F rollers were compared with those of the case-hardened conventional steel rollers. From the experimental and analytical results, it could be concluded that the failure mode of the P/F and the steel rollers was mainly spalling, and the surface durability of the P/F rollers was almost the same as that of the steel rollers. Evaluating the rolling contact fatigue life by the amplitude of the ratio of orthogonal shear stress τ yz to Vickers hardness Hv, considering the case that every hardness distribution is the same to each other, the fatigue life of the Ni rich P/F roller was rather longer than that of the steel ones. The P/F process effectively improves the microstructure of the P/M material and makes the surface durability of the P/F material with high content of Ni approach to the level of steel. The P/F process was a good method to improve the mechanical properties of the sintered materials.
Study on Surface Durability of Powder-Forged Rollers with
Case-Hardening
Introduction
The sintered machine elements, such as gears, cams and so on, have been widely used in automobile, motorcycle and so on, since the cost of the sintered machine elements is cheaper than that of the machine elements made from the conventional steel. The manufacturing process by the powder metallurgy (P/M) is a good method to massproduce those elements. However, the sintered machine elements have a disadvantage in the fatigue strength because of the elements including the pores. In order to improve the above disadvantage, the powder-forging (P/F) technology has attracted a great interest in the field of powder metallurgy. For example, many automobile companies applied the P/F method to several parts of automobile transmissions. The P/F process consists of various steps, which are powder mixing, compacting, sintering and forging. The compressive strain and lateral flow by the P/F process cause the pore closure and the refinement of the microstructure. Therefore, the yield strength, tensile strength, ductility and hardness of the P/F machine elements can be improved compared with those of the sintered ones. The various technological aspects of the industrial processing in the powder forging (1) - (5) have been reported recently, but the report on the surface durability of the powder-forged machine elements is quite few.
In this study, the conventional pre-alloyed powder 46F4H which is generally preferable for case-hardening and the special pre-alloyed powder 46F6H with the higher Ni content were employed to investigate the surface durability of the powder-forged (P/F) rollers. While, chromium steel (JIS: SCr420) and chromium molybdenum steel (JIS: SCM420) have been used for the casehardened gears in automobiles. Even though the density of the case-hardened P/F gear made from the conventional pre-alloyed powder 46F4H becomes near the density of the steel gears by P/F process, the P/F gear made from 46F4H might be inferior to the steel gears in the strength because of the chemical composition of 46F4H. To improve this predicted disadvantage of 46F4H, the special pre-alloyed powder 46F6H which has higher Ni content and can be expected to be higher toughness compared with 46F4H was employed here. To make sure the surface durabilities and the surface failure process of these casehardened P/F materials comparing with those of the casehardened steel materials, the roller fatigue tests were performed under a sliding-rolling contact condition using a two-cylinder fatigue testing machine. The surface roughness, the hardness and the residual stress distributions of test rollers were measured to evaluate the surface durability. The fatigue life and the spalling failure depth of the test rollers were evaluated using the amplitudes of the ratio of orthogonal shear stress τ yz to Vickers hardness Hv, taking the hardness and the residual stress distributions of the rollers into consideration.
Test Rollers and Fatigue Test

1 Test rollers
The chemical compositions of the materials are shown in Table 1 . Two kinds of powders 46F4H (0.5% Ni) and 46F6H (3.0% Ni) were used in this experiment to investigate the effect of the different Ni content on the surface durability of the P/F rollers. To compare the surface durability of the P/F rollers with that of the conventional steel rollers, the two kinds of steel rollers made from chromium-molybdenum steel (JIS: SCM420) and chromium steel (JIS: SCr420), which are used as the typical materials for case-hardened gears, were also employed. The mating roller was made from chromiummolybdenum steel (JIS: SCM 415).
The manufacturing conditions of the P/F rollers are shown in Table 2 . The powders of low alloy steels were mixed with graphite and zinc stearate, and were compacted into discs. After mixing and compacting, the materials were sintered and forged. Then, the P/F rollers were case-hardened. Finally, the circumferential surfaces of the rollers were ground. The steel rollers were case-hardened under the same condition as the P/F rollers and finished by grinding. The shapes and dimensions of test rollers are shown in Fig. 1 . The test rollers, which are the P/F rollers Table 1 Chemical composition of materials (wt%) and the steel rollers have a contact width of 5 mm. The mating steel rollers have a width of 10 mm. All the test rollers are not case-hardened from their side faces, but are case-hardened only from their circumferential outer surfaces. While, all the mating rollers are case-hardened from their whole surfaces. The outer diameter of both the test rollers and the mating rollers is 60 mm. The Young's modulus of test rollers and mating rollers is 206 GPa, and the Poisson's ratio of them is 0.30.
Surface roughnesses of the test rollers, which are the arithmetic average roughness R a and the maximum height roughness R y , are shown in Table 3 . Surface roughnesses R a and R y of all test rollers are almost the same with each other. The hardness distributions of the test rollers are shown in Fig. 2 . The Vickers hardness was measured using a micro-hardness tester under the condition of a measuring load of 0.98 N for 30 sec. The hardness distribution was obtained from five measured hardnesses at each depth below the roller surface. The effective casehardened depths, where the hardness is 550 Hv, were in the range from 1.1 to 1.5 mm for the test rollers. The surface Table 2 Manufacturing conditions of test rollers hardnesses of rollers SCM420 and 46F4H are higher than those of rollers SCr420 and 46F6H as shown in Table 3 and Fig. 2 . The effective case-hardened depth of mating roller was about 1.2 mm.
The residual stress distributions of test rollers are shown in Fig. 3 . The residual stresses (σ x ) r and (σ y ) r on the roller surface are shown in Table 4 . The residual stresses were measured with the X-ray stress measuring device and were calculated using the 2θ -sin 2 ψ method (6) . To analyze the residual stresses below the roller surface, an arbitrary point at the center of the roller surface was chosen as the origin, and the x, y and z coordinates were taken in the axial, circumferential and radial directions of the rollers, respectively. The surface layer of the roller was removed by electrolytic polishing to measure the residual stress below the roller surface. The residual stresses (σ x ) r and (σ y ) r in the axial and the circumferential directions of the roller were determined by modifying the measured residual stresses by the elastic calculation (7) , since the measured stresses were influenced by the removal of the surface layer. The residual stresses (σ x ) r and (σ y ) r of all rollers were compressive in the effective case- Table 4 Residual stress on roller surface Table 5 Operating conditions of test rollers hardened depth. The distributions of the residual stresses (σ x ) r and (σ y ) r of the P/F rollers are roughly similar to those of the steel rollers in the effective case-hardened depth. In Table 4 , the residual compressive stresses on the surface of rollers 46F4H and SCM420 tend to be higher than those of rollers 46F6H and SCr420. Corresponding to this tendency, the surface hardnesses of rollers 46F4H and SCM420 tend to be also higher than those of rollers 46F6H and SCr420 as shown in Table 3 .
2 Experimental procedures
The rolling contact fatigue tests were performed with a spring loading type two-cylinder testing machine shown in Fig. 4 under a sliding-rolling contact condition. The maximum Hertzian stress p max was taken as the standard of the loading in this experiment. The EP gear oil, which contains the extreme pressure additives, was supplied to the engaging side of the roller pair at an oil temperature of 313 ± 4 K. The flow rate of the supplied oil was about 1 500 mL/min. The test rollers with a contact width of 5 mm were employed as the slower rollers, and the mating rollers were employed as the faster rollers. The slidingrolling contact fatigue tests were performed under the operating conditions shown in Table 5 . The testing machine was automatically stopped when the vibration transducer fixed on the machine detected the increase in vibration due to the surface failure of the roller. At this stop of the machine, one spall occurred on the roller in most cases. The fatigue life of test roller was defined as the total number of cycles when the testing machine was automatically stopped.
3 Surface durability
The relationships between the maximum Hertzian stress p max and the number of cycles to failure N, p max -N curves, are shown in Fig. 5. In Fig. 5 , the plotted points with P were failed by pitting due to surface origin cracks and the other plotted points without P were failed by spalling due to subsurface origin cracks. These p max -N curves were determined by the least square method using the experimental plots of the fatigue lives. The arrows in this figure indicate that the surface failure did not occur until 2 × 10 7 cycles. In this study, the surface durability of the test roller was defined as the maximum Hertzian stress at 2 × 10 7 cycles life. The surface durabilities of rollers 46F4H, 46F6H, SCr420 and SCM420 are 1 550 MPa, 1 550 MPa, 1 500 MPa and 1 700 MPa, respectively. The surface durabilities of the P/F rollers are nearly equal to that of the steel roller SCr420. The slopes of the p max -N curves of the P/F rollers are slightly steeper than those of the steel rollers. In the range over p max = 2 000 MPa, the fatigue lives of the P/F rollers are longer than those of the steel rollers. In the range under p max = 2 000 MPa, the fatigue lives of the P/F rollers are located almost between the fatigue lives of rollers SCM420 and SCr420. Therefore, this result shows that the variation in the applied contact stress p max has less serious effect on the fatigue lives of the P/F rollers than those of the steel rollers. This result might be caused by the difference in the manufacturing process of both rollers. The P/F rollers might have very small defects, such as pores, due to powder metallurgy. In all range of the applied contact stress p max , the fatigue ) show the surfaces and the transverse sections of the failed rollers. In Fig. 6 (a) , photo (1) shows the failed roller surface and photo (2) shows the trace of the spalling crack, which is almost parallel to the roller surface. The cracks observed at the both bottom ends of a spall propagate almost parallel to the roller surface as shown in photos (3) and (4). This is the typical characteristic of spalling due to the alternating orthogonal shear stress. In Fig. 6 (b) , photo (1) shows the failed roller surface, and photos (2) and (3) show the trace of the pitting crack initiated on the roller surface. The crack has an inclination of 10
• to 20
• to the roller surface as shown in photo (3) of Fig. 6 (b) . This is the typical characteristic of pitting. The failure modes of the test rollers were mainly spalling due to subsurface origin cracks, but occasionally pitting due to surface origin cracks in both the P/F rollers and the steel rollers. The pitting failure tended to occur under the lower loading condition. Figure 7 shows the changes in the surface roughness of the test rollers during the fatigue tests under p max = 1 750 MPa. Figure 8 shows the microscopic photographs of surface wear on test rollers during the fatigue test under p max = 1 750 MPa. In Fig. 7 , the surface roughness of the test rollers decreases gradually due to running in effect until 2 × 10 5 cycles. The micro pits, whose size is less than 100 µm in diameter, occur on the surface of all test rollers at 5 × 10 5 cycles. For the P/F rollers, the surface roughness is minimum at 5×10 5 cycles and after that increases. Especially, the surface roughness of roller 46F6H highly increases after occurring the micro pits. These results of Fig. 7 were verified in the microscopic photograph of the surface wear shown in Fig. 8 . In the test under p max = 1 750 MPa, the destructive surface failure mode was spalling in test rollers 46F4H, SCr420 and SCM420, and was pitting in test roller 46F6H. In the case of pitting failure, the micro pits and the surface roughness increased after the initial micro pits occurred at 5 × 10 5 cycles as shown in Fig. 8 . While, in the case of spalling failure, the micro pits and the surface roughness did not increase until the spalling failure occurred. Figure 9 shows the changes in both the residual stresses (σ x ) r and (σ y ) r during the fatigue tests under p max = 1 750 MPa. The surface residual stresses (σ x ) r and (σ y ) r at 5 × 10 4 cycles were much more compressive than those at the beginning of the test, since the roller surface was affected by the contact pressure at the initial fatigue stage. After 5 × 10 5 cycles when the micro pits could be observed on the test rollers, the surface residual compressive stresses (σ x ) r and (σ y ) r of the test rollers tended to be constant or decrease perhaps due to the stress relaxation by the occurrence of micro pits and micro surface cracks. This result may show that the increase in the compressive residual stress due to the contact pressure between rollers was offset against the decrease in the compressive residual stress due to the occurrence of the micro pitting and wear. Considering the results of Figs. 7, 8 and 9 under p max = 1 750 MPa, it can be understood that there is the initial wear process before the surface failure during the fatigue test for both the P/F roller and the steel roller. After the number of cycles of the initial wear is reached, the micro pits occurs on the roller surface, the surface rough-ness increase and the surface residual compressive stresses decrease. Under p max = 1 750 Mpa, the final failure mode of rollers 46F4H, SCr420 and SCM420 was spalling, and that of roller 46F6H was pitting as shown in Fig. 5 . Based on the results of Figs. 7, 8 and 9, the process of contact fatigue can be divided into two stages, the micro pit forming period and the final destructive surface failure forming period. In a case of p max = 1 750 MPa, the micro pit forming periods of all rollers are almost the same, and the mean percentage of the micro pit forming period to the total fatigue life is about 15%. The fatigue life is mainly depended on the final surface failure forming period, and the mean percentage of the final surface failure forming period to total fatigue life is about 85%. It is shown that the longer the final surface failure forming period is, the longer the fatigue life of material is. Test roller 46F6H with 3.0% Ni can be efficacious to hinder the final surface failure forming and lengthen the fatigue life of material. Figure 10 shows the coordinate axes and the stress components under the contact surfaces of two cylindrical rollers. These coordinate axes are the same as the coordinate axes for measuring the residual stress. The applied contact stress distribution between two cylindrical rollers is given by the Eq. (1).
Discussion on Surface Failure and Surface Durability Using Amplitude of Ratio of Shear Stress to Hardness
Where, p(y) is the contact stress distribution along y axis and 2b is Hertzian contact width. The stress components under the contact surface of test roller are defined as shown in Fig. 10 . The normal stresses σ x , σ y and σ z are in axial, circumferential and radial directions of the roller, respectively. The shear stresses τ yz and τ 45 • are the orthogonal shear stress and the maximum shear stress, respectively. As the rolling contact point between two rollers moves, the shear stresses τ yz and τ 45 • at any point in subsurface layer of the roller vary in alternating and pulsating modes, respectively. From the observations of the failed rollers, the failure mode of the test rollers was mainly spalling, though it was occasionally pitting. Spalling occurs by the propagation of cracks having the originating points below the roller surface and is fatigue failure caused by the cyclic shear stress in the subsurface of the roller. Shear stress considered here for the discussion are the orthogonal shear stress τ yz and the maximum shear stress τ 45 • . The values and amplitudes of these stresses τ yz and τ 45 • become maximum below the roller surface. It can be considered that if the roller has uniform mechanical properties through subsurface layer, the spalling crack originates at the depth where the amplitude of the shear stress τ yz or τ 45 • becomes maximum, The test rollers used here have the hardness and the residual stress distributions shown in Figs. 2 and 3 , therefore, the mechanical properties are not uniform through the subsurface layer of the roller. Thus, it can be considered that the origin point of the spalling crack corresponds to the location where the amplitude of the ratio of the shear stress taken account of the residual stress to the strength of material becomes maximum. Some experiments (8) , (9) shows that the shear strength is approximately proportional to Vickers hardness, therefore, it is said that the ratio of the shear stress to the yield strength is equivalent to the ratio of the shear stress to Vickers hardness. Thus, the ratio τ yz /Hv of the orthogonal shear stress to Vickers hardness and the ratio τ 45 • /Hv of the maximum shear stress to Vickers hardness are considered here for discussing the spalling failure.
At calculating the shear stresses below the roller surface after the analytical method of Smith (10) , the distributions of normal loads based on Hertzian elastic contact theory and of tangential forces proportional to the normal loads neglecting lubricant pressure were taken into consideration. The coefficient of friction between the rollers were assumed to be 0.035 under all the test conditions, whose value is mean value from the experiments using the case-hardened steel rollers. The shear stress τ 45 • and its amplitude are influenced by the residual stress, while the shear stress τ yz and its amplitude are not influenced by that.
The amplitude A(τ yz /Hv) of the ratio of orthogonal shear stress to Vickers hardness and the amplitude A(τ 45 • /Hv) of the ratio of maximum shear stress to Vickers hardness were calculated considering the hardness and residual stress distributions shown in Figs. 2 and 3 , according to the above mentioned considerations. Figure 11 shows the examples of the distributions of the amplitudes The spalling failure depth was measured using a dial gauge, which has a stylus with a tip radius of 0.1 mm. As shown in Fig. 11 , the failure depth indicated with shadow agrees almost with the depth where the amplitude A(τ yz /Hv) becomes maximum in all test rollers. Therefore, it can be considered that the spalling failure depth is dependent on the depth of the maximum amplitude [A(τ yz /Hv)] max . Thus, it can be considered that the amplitude A(τ yz /Hv) is a reasonable controlling factor for explaining the spalling fatigue. It can be also understood that the spalling fatigue life decreases as the maximum amplitude [A(τ yz /Hv)] max increases in general. Figure 12 shows the relationships between the maximum amplitude [A(τ yz /Hv)] max and the number of cycles to failure N, which are the [A(τ yz /Hv)] max -N curves. Using these curves, the surface durability for spalling can be evaluated for the case-hardened rollers with the different hardness distribution as the case-hardened rollers with the same and uniform hardness distribution. In the case of the steel rollers SCM420 and SCr420, the relationships of both [A(τ yz /Hv)] max -N curves are almost the same with each other. It is also understood that the fatigue life of roller 46F4H is almost the same as those of the steel rollers. While, the [A(τ yz /Hv)] max -N curve of 46F6H is located at the higher side than those of the others. This result shows that the P/F roller 46F6H has the higher surface durability than those of the steel rollers and the P/F roller 46F4H under the same hardness condition. Figure 13 shows the relationship between the amplitude A(τ yz ) and the hardness at the depth of the maximum amplitude [A(τ yz /Hv)] max under the endurance Hertzian stress, i.e., the Hertzian stress for 2 × 10 7 cycles life. The line A(τ yz ) = 0.427Hv 1.04 comes from the surface hardened steel rollers (11) and the line A(τ yz ) = 0.884Hv 0.89 comes from the induction-hardened sintered powder metal rollers (12) under the same sliding-rolling contact fatigue test as this paper. These amplitude A(τ yz ) are almost proportional to the hardness at the depth where the amplitude A(τ yz /Hv) becomes maximum under each endurance Hertzian stress. The line A(τ yz ) -Hv of sintered material is located under that of steel. This shows that the surface durability of steel roller is higher than that of sintered roller. It can be understood from Fig. 13 that a plotted point of roller 46F6H (3.0% Ni) is close to the line for steel rollers and a plotted point of roller 46F4H (0.5% Ni) is located between both lines for steel and sintered rollers. These results show that the P/F process effectively improves the microstructure of the P/M material and make the surface durability of the P/M material with the higher content of Ni approach to the level of steel. Therefore, the P/F process provides a good method to improve the P/M materials.
Conclusion
In order to investigate the surface durability of the P/F rollers with case-hardening, two kinds of the P/F rollers, 46F4H (0.5% Ni) and 46F6H (3.0% Ni), were tested under a sliding-rolling contact condition. The following points can be concluded from this study.
( 1 ) The p max -N curves indicated that the surface durability of the P/F rollers was almost the same as that of the steel roller SCr420, and the fatigue life of roller 46F6H (3.0% Ni) was longer than that of roller 46F4H (0.5% Ni).
( 2 ) The failure modes of both the P/F rollers and the steel rollers were mainly spalling due to subsurface cracking, but occasionally pitting due to surface cracking especially under the lower loading condition.
( 3 ) In both cases of the P/F and the steel rollers, the surface roughness decreased and the surface residual compressive stress increased at the early stage of the rolling contact fatigue process up to the occurrence of micro pitting, and at the final stage of the fatigue process after the occurrence of micro pitting, the surface roughness tended to increase and the surface residual compressive stress tended to decrease.
( 4 ) The spalling failure depth agreed almost with the depth where the amplitude A(τ yz /Hv) of ratio of orthogonal shear stress τ yz to Vickers hardness Hv became maximum, in both cases of the P/F and the steel rollers.
( 5 ) Evaluating the surface durability and the fatigue life by the [A(τ yz /Hv)] max -N curve, the surface durability was highest and the fatigue life was longest on the P/F roller 46F6H (3.0% Ni) in this experimental range.
( 6 ) Concerning the relationship between the stress amplitude A(τ yz ) and Vickers hardness Hv at the depth where the amplitude A(τ yz /Hv) becomes maximum under each endurance Hertzian stress, the plotted point of P/F roller 46F4H (0.5% Ni) was located between both relationship lines for steel and sintered rollers, and the plotted point of P/F roller 46F6H (3.0% Ni) was close to the relationship line for steel rollers. Therefore, it can be said that the P/F roller 46F6H (3.0% Ni) is more competitive to the steel roller, as to the surface durability of the casehardened material.
